This article examines the impact of fixed effects production functions vis-a-vis stochastic production frontiers on technical efficiency measures. An unbalanced panel consisting of 96 Vermont dairy farmers for the 1971-1984 period was used in the analysis. The models examined incorporated both time-variant and timeinvariant technical efficiency. The major source of variation in efficiency levels across models stemmed from the assumption made concerning the distribution of the one-sided term in the stochastic frontiers. In general, the fixed effects technique was found superior to the stochastic production frontier methodology. Despite the fact that the results of various statistical tests revealed the superiority of some specifications over others, the overall conclusion of the study is that the efficiency analysis was fairly consistent throughout all the models considered.
Introduction
The reliance on production functions to analyze firm level efficiency dates back at least to an article published by Earl Heady (1946) almost 50 years ago. Since this early work, a great deal of progress has been made in efficiency measurement via production functions. Two specific methodologies that have been developed and used for this purpose, and which are the focus of this article, are the fixed effects model and the frontier production function. Both models have been used extensively in the empirical analysis of technical efficiency.
The fixed effects model was introduced by Hoch (1955) and extended by Hoch (1958 Hoch ( , 1962 and Mundlak (1961 Mundlak ( , 1978 . Although the fixed effects is a relatively old methodology, there has been continued interest in its use, as evidenced by the work of Hoch (1976) , Dawson and Lingard (1982) , Turvey and Lowenberg-DeBoer (1988) , and Seale (1990) , among others. The production frontier methodology was initiated by Farrell in a pathbreaking article published in 1957. A decade later, Aigner and Chu (1968) introduced a deterministic parametric (Cobb-Douglas) frontier model which they estimated using mathematical programming techniques. A deficiency characterizing these deterministic 400 M. AHMAD AND B.E. BRAVO-URETA TECHl models is their sensitivity to outliers. This deficiency was solved by Aigner, Lovell, and Schmidt (1977) and by Meeusen and van den Broeck (1977) , who introduced the stochastic frontier model.
In the fixed effects model, which requires panel data for estimation, dummy variables are introduced to account for individual firm effects. By comparison, the stochastic production frontier model, initially developed for and primarily applied to cross-sectional data, assumes an error term that has two additive components: a symmetric component which accounts for pure random factors, and a one-sided component which captures the effects of inefficiency relative to the frontier. I
Initial refinements of the stochastic frontier model, made by Pitt and Lee (1981) and followed by Schmidt and Sickles (1984) and Battese and Coelli (1988) , included the accommodation of balanced panel data assuming that technical efficiency was time invariant. These models have been further extended by Battese, Coelli, and Colby (1989) , and Seale (1990) so as to handle unbalanced panel data. More recently, models that allow efficiency to vary over time for both balanced (Kumbhakar, 1990) and unbalanced panels (Battese and Coelli, 1992) have been introduced. The current state of the art in this area of work is the (one-step) estimation of the usual stochastic frontier parameters in conjunction with the parameters of variables introduced to explain efficiency (Kumbhakar, Ghosh, and McGuckin, 1991; Battese and Coelli, 1993) .2
The firm-specific dummy variables in the fixed effects model were initially interpreted as a management index, but more recently some authors have argued that the firm effects can be construed as a measure of technical efficiency (Hoch, 1976; Russell and Young, 1983) . Consequently, there is a clear link between the fixed effects model and the more recent stochastic frontier models for panel data. A crucial difference between these two approaches, however, is that the fixed effects model allows correlation between technical efficiency and the other explanatory variables, whereas the frontier model requires the explicit assumption that technical efficiency is uncorrelated with the other regressors. Moreover, Mundlak (1961) showed that the fixed effects approach leads to parameter estimates that are free of management bias, hence overcoming the omitted variable problem discussed by Griliches (1957) . In addition, Hoch (1962) demonstrated that the fixed effects model mitigates and might even avoid the simultaneous equation bias associated with single-equation production function models.
The impact that the choice between the fixed effects and the frontier methodology has on efficiency requires examination. Therefore, the objective of this article is to compare the impact of fixed effects and stochastic production frontier models on technical efficiency measures. Several features of these models are also investigated. The specific hypotheses tested concern the following issues: (1) significance of firm effects; (2) returns to size; (3) functional form: Cobb-Douglas versus a simplified translog; (4) distribution of the one-sided error term in the stochastic production frontiers: half-normal versus truncated normal; (5) time-variant versus time-invariant technical efficiency; and (6) correlation between efficiency and other regressors (i.e., fixed effects versus stochastic frontier).
The remainder of this article is organized into five sections. Section 2 develops the methodological framework employed, and section 3 gives a brief discussion of the data and e resul1 nativ, 
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Analytical framework
This section presents the key characteristics of the fixed effects and stochastic frontier methodology based on single-equation production models. The econometric estimation of single-equation production models has been justified by assuming that producers maximize the mathematical expectation of profits or that profits are maximized with respect to anticipated output instead of realized output. Given this assumption, the simultaneousequation bias often associated with single-equation production models is avoided (Zellner, Kmenta, and Dreze, 1966; Hoch, 1958 Hoch, , 1962 Kumbhakar and Hjalmarsson, 1993) . Moreover, in a Montecarlo evaluation of alternative estimators of efficiency, Gong and Sickles (1989) 
where CI is a dummy variable having a value of one for the tth time period and zero otherwise, and t;1 are parameters to be estimated. An alternative functional form used in this study is the simplified translog model
which assumes that inputs are separable from each other but not from time (Fan, 1991) . This simplified form is estimated instead of the full translog model because the latter, as is often the case (e.g., Cornwell, Schmidt, and Sickles, 1990) , presented major multicollinearity problems. The measures of technical efficiency for each farm, using the models in equations (I) to (3), can be calculated as
where max[exp(Y;)] is the highest predicted value for the ith firm.
The assumption that technical efficiency is time invariant can be relaxed by allowing farm-specific effects to vary over time, as suggested by Mundlak (1978) . To measure timevariant technical efficiency, (I) and (3) can be estimated in two steps (Cornwell, Schmidt, and Sickles, 1990; Kumbhakar and Hjalmarsson, 1993) . In the first step, (1) and (3) are estimated to obtain consistent estimates of bk,~k' S, and A..In the second step the residuals from the first step,~I' which include farm-specific effects (uil = Y; + PiT) as well as the usual error term (ViI)' are regressed as 
Data
where ViI is iid N(O, 0-2,,) . The expression 1i + piT obtained from the estimates of (5) yields the efficiency indicator~Iil (Fecher and Pestieau, 1993) . Technical efficiency at each data point is then calculated as where max [ exp(~II) ] is the highest predicted value in the tth period. Now, consider the following three stochastic production frontier models: (1) a Cobb-Douglas (CD) with smooth technological change; (2) a CD with dummy variables to account for technological change; and (3) a simplified translog (STL) with smooth technological change. These models can be written, respectively, as ( 6) (5)
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and
where £IiI in (7), (8) and (9) is equal to
4.
The term ViI in (7), (8) and (9) is assumed to be independent and identically normally distributed with mean zero and constant variance [ViI~N(O, o-D] , while £IiI follows a non-negative truncation of a normal distribution with mean I.l. and constant variance [,uil~IN(,u, o-DI] , or a half-normal distribution [,uil~IN(O, which observations for the ith (farm) are obtained" (Battese and Coelli, 1992, p. 154) . Technical efficiency increases, remains constant or decreases over time, when 11 > 0, 11 = 0 or 11 < 0, respectively.
Equations (7), (8) and (9) are estimated using the program "FRONTIER" written by Coelli (1992) . This program first estimates maximum likelihood parameters of the model, and then uses these estimates to calculate technical efficiency (TE it> at each data point as (II)
Data and empirical model
The data for this study comes from 96 Vermont dairy farms participating in the New England Electronic Farm Accounts Program (ELFAC) from 1971 to 1984. The number of observations available per farm varies from a low of six to a high of 14. Pooling the 96 farms yields a total of 1072 observations.
In the production function models, output (Y) is the annual milk produced per farm measured in hundredweights, and the inputs are: (1) number of dairy cows (Xz); (2) total labor (XI)' including hired and family labor, measured in worker equivalents; (3) purchased dairy concentrate feed (J0), measured in tons; (4) animal expenses (Xs)' consisting of veterinary medicine, breeding, and animal supplies; (5) crop expenses (Xc), comprising fertilizer, seed, spray, lime, repairs, and maintenance on machinery and equipment, and gas and oil; and (6) other farm expenses (Xn,) , including electricity, hauling, miscellaneous expenses, and depreciation on buildings and equipment set at 3 and 15% of the stock value, respectively. In addition, the models incorporate either a smooth time trend (7) or time dummies (Tj, i = 2,3, ... 14) to account for technological change. Table I shows descriptive statistics for the dependent and independent variables and for milk production per cow (Y/Xo) for the 1971-1984 period, and separately for the first (1971) and last year (1984) included in the data set.
Efficiency analysis
This section presents the results of nine models which were estimated assuming that efficiency is time invariant, and eight models in which efficiency is assumed to be time variant. To simplify the exposition, the models are numbered as shown in Table 2 .
Time-invariant technical efficiency
Six of the nine time-invariant efficiency models used a Cobb-Douglas specification (Model I to Model VI); the other three (Models VII, VIII and IX) are based on a simplified translog. Statistical results for the nine models, presented in Table 3 , show quite similar parameter estimates. The function coefficients in all of these models were greater than one, indicating increasing returns to scale.3 The function coefficients for the fixed effects 404 M. AHMAD AND B.E. BRAVO-URETA TECH (Hoch, 1958 (Hoch, , 1962 .
To compute technical efficiency measures from the fixed effects models (Models I, II and VII) , the estimates for the farm-specific dummies are converted into antilog values. Some of the antilog values are higher than one and some are less than one, while the antilog of the reference farm is equal to one. The farms with values greater than one are considered more efficient than the reference farm, and those with values less than one are considered less efficient. The antilogs are normalized by the highest antilog value (i.e., the most efficient farm in the panel) to obtain efficiency indexes that fall between zero and one. Descriptive statistics for technical efficiency measures derived from Models I through IX are given in Table 4 . The average technical efficiency for Models I and VII is about 0.77 with a minimum of 0.53 and a maximum of 1.00. This implies that shifting from the CD to the STL specification, while holding other factors constant, leads to the same average, minimum, and maximum technical efficiency measures. This result is compatible with the argument made by Good et al. (1993) and Maddala (1979) that technical efficiency measures do not depend on functional form. Model II, which uses time-specific dummy variables, also provides technical efficiency measures very close to Models I and VII.
Models III, V, and IX are stochastic production frontiers where the one-sided error term follows a half-normal distribution. By contrast, the one-sided error term in the other three stochastic frontier models (Iv, VI and VIII), is assumed to follow a truncated normal distribution. Models III, V, and IX provide almost identical average (0.86) as well as minimum (0.60) and maximum (0.99) technical efficiency indices. In comparison, average technical efficiency for Models IV, VI, and VIII is 0.76, with a minimum of 0.55 and a maximum of 0.96.
The comparison between the fixed effects models (Models I, II, and VII) and the stochastic frontiers, where the one-sided error is truncated normal (Models IV,VI, and VIII), shows that both formulations yield very similar average technical efficiencies, a result that is in agreement with that of Hughes (1988) . By contrast, the average technical efficiency measures using stochastic frontier models with a half-normal distribution for the one-M. AHMAD AND RE. BRAVO-URETA TECHNIC 990 (Models la to VIa) and the other three are STL (Models VIla to IXa).6 Again, Table 2 presents a more complete description of the key features of each model, and Table 5 shows the parameter estimates.
To estimate time-variant technical efficiency indices for Models la and VIla, the twostep procedure is adopted. In the first step, parameter estimates are obtained using the fixed effects technique, as was done for Models I and VIP In the second step, the residuals from the first step are regressed on an overall constant, 95 farm-specific dummy variables, and the interaction between the farm-specific dummies and the time variable. Consequently, a total of 191 parameters are estimated in this second step. Of this total, only 73 in Model la and 62 in Model Vila are significant at the 10% level or better. The adjusted R2 for both models is about 0.60.8 The parameter estimates for the stochastic frontier models were also identical to the corresponding models where technical efficiency was assumed to be time invariant. However, the standard errors of most of the estimates for the stochastic models under time varying technical efficiency were higher than for the invariant case. Thus, higher standard errors resulted in nonsignificance of some of the parameter estimates.
The technical efficiency measures at each data point for the fixed effects models (Ja and VIla) are calculated following the same procedure used in the time-invariant case. The average technical efficiency for Models la and VIla is 0.76 with a maximum of 1.00, while the minimum for Model Ia is 0.47 and for Model VIla is 0.50 (Table 6 ). Models IlIa, IVa, Va, VIa, Villa, and IXa are stochastic production frontiers. The index of technical efficiency measures for these models, as discussed earlier, is calculated as the antilog of the one-sided error term using equation (I I). The results in Table 6 indicate that average technical efficiency for Models J1Ja and Va is 0.86 with a minimum of 0.59 and a maximum of 0.99. The average technical efficiency for Models IVa and VIa is 0.76 with a maximum of 0.95. The minimums for Model lVa and VIa are 0.55 and 0.54, respectively. Model Villa, a STL specification, shows an average technical efficiency of 0.76 ranging from a minimum of 0.54 to a maximum of 0.96. Model IXa, also a STL, exhibits an average technical efficiency of 0.85 with a minimum of 0.59 and a maximum of 0.99. In general, the results in Table 6 Spearman rank correlation coefficients for the time-variant technical efficiency models again show a strong association among the efficiency measures arising from the alternative specifications. The overall comparison of the magnitudes of these correlation coefficients shows a relatively weak association among the technical efficiency indices obtained from the fixed effects models (i.e., Ia and VIla) and from the stochastic frontiers with a half normally distributed one-sided error term (i.e., lIla, Va, and rXa). These correlations range from 0.85 to 0.88. By contrast, the association is much stronger among the technical efficiency indices of the stochastic frontier models (lIla, IVa, Va, VIa, VIlla, and IXa), where no correlation coefficient is less than 0.98.
The average efficiency indices reported in this article are within the bounds of those found in other studies of dairy farm efficiency. Using cross-sectional data sets for dairy farms in Northeastern United States, Bravo-Ureta (1986), Tauer and Belbase (1987) , and Bravo-Ureta and Rieger (1991) estimated average efficiency indices equal to 82%, 69%, and 83%, respectively. Other cross-sectional studies of dairy operations have found average technical efficiency levels equal to 72% for farms in the continental United States (Kumbhakar, Ghosh, and McGuckin, 1991) , 65% for Utah farms (Kumbhakar, Biswas, and Bailey, 1989) , 77% for Ecuadorean farms, 81 % for farms in England and Wales (Dawson, 1987) , and 90% for farms located in central Argentina (Schilder and Bravo Ureta, 1993) . More recently, Kumbhakar and Heshmati (1995) , using panel data for a sample of Swedish farms, reported an average level of technical efficiency equal to 85%. 
Evaluation of models: some statistical tests
. This section summarizes the results of statistical tests conducted to evaluate various hypotheses imbedded in the models estimated (Table 8) . Based on the results of these tests, OLS estimates excluding farm-specific effects were rejected in favor of fixed effects and stochastic frontier models. The CD functional form was rejected for both fixed effects and stochastic frontier formulations in favor of the STL specification. However, the results discussed above imply that technical efficiency measures do not appear to be affected by the choice of functional form. The stochastic frontier model incorporating a half normally distributed one-sided error was rejected when tested against the stochastic production frontier which assumed a truncated normal distribution. This test leads to the conclusion that the half-normal distribution for the efficiency component, which has a mean equal to zero, is too restrictive for the data being analyzed. Moreover, the efficiency analysis indicates that the assumption concerning the one-sided error does have important implications.
Likelihood ratio tests showed that technical efficiency does not vary over time for the stochastic frontier models. By contrast, statistical tests revealed that technical efficiency measures do vary over time for the fixed effects approach. To resolve these conflicting results, a Hausman (1978) specification test was performed to evaluate the performance of the stochastic frontier technique, which assumes independence between inputs and technical efficiency, vis-a-vis the fixed effects approach, where technical efficiency is allowed to be correlated with the other regressors. The stochastic frontier approach was strongly rejected against the fixed effects methodology. This result implies that the farm- specific effects are indeed correlated with the inputs used in the model; thus, if this correlation is not accounted for, the parameter estimates are biased.
Given that the results of the statistical tests performed suggested that the preferred specification is the fixed effects time-variant model, Spearman rank correlations are computed between technical efficiency and herd size and input use per cow, based on Models la and Vila. The results, presented in Table 9 , show a negative and significant (at the 1% level) correlation between herd size and technical efficiency. This finding is consistent with those of Bravo-Ureta (1986), and Byrnes et al. (1987) , but conflicts with the results obtained by Kumbhakar, Biswas, and Bailey (1989) , and by Bravo-Ureta and Rieger (1991) . The results show a significant positive relationship between concentrate feed per cow and other expenses per cow, while the association between technical efficiency and the per-cow level for the other three inputs (i.e., labor, animal expenses, and crop expenses) is generally weak.
Concluding comments
This article examined the impact of fixed effects production functions and of stochastic production frontiers on technical efficiency measures using an unbalanced panel consisting of 96 Vermont dairy farmers for the 1971-1984 period. The stochastic frontiers incorporated either a half-normal or a truncated normal distribution for the efficiency component. The Cobb-Douglas and a simplified translog functional forms were used, assuming either a smooth time trend or time-specific dummy variables to model technological change. These models incorporated both time-variant and time-invariant technical efficiency.
The fixed effects and truncated normal one-sided error term models yielded very close average technical efficiency measures-around 77%-for both the time-variant and timeinvariant cases. In contrast, the half-normal one-sided error term models yielded average technical efficiency measures around 86%. These efficiency estimates are well within the bounds of those reported in other studies of dairy farms.
Various statistical hypothesis were also tested. The results of these tests lead to the following conclusions: (I) the farm-specific effects were significantly 'different from zero, which supports the fixed effects formulation; (2) the Cobb-Douglas functional form was rejected in favor of the simplified translog; (3) the one-sided error term in the stochastic frontier models followed a truncated normal distribution; (4) the stochastic frontier models revealed that technical efficiency is time invariant; (5) fixed effects models indicated technical efficiency was time variant; and (6) farm-specific effects were correlated with the inputs included in the production functions. Thus, the fixed effects technique was found superior to the stochastic production frontier methodology.
Although the stochastic frontier specification was rejected based on various statistical tests, the parameter estimates and efficiency rankings from these models are similar to those obtained from the fixed effects models. Moreover, the stochastic frontier assuming a truncated normal distribution for the efficiency term gave average technical efficiency measures, in both the time-variant and time-invariant models, very close to those obtained from the fixed effects models. Hence, our overall conclusion is that despite the fact that the statistical tests performed did indicate the superiority of some specifications over oth- ers, the efficiency analysis was fairly consistent throughout the models considered. An interesting implication is that the relatively old but simple fixed effects approach deserves serious consideration when examining technical efficiency with panel data.
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Notes
I. For recent reviews of methodological issues concerning frontier models see Bauer (1990) , Lovell (1993) , and Seiford and Thrall (1990) . Reviews of applications of frontier methodology to agriculture are found in Baltese (1992) and Bravo-Ureta and Pinheiro (1993). 2. Recent applications of frontier methodology to agriculture using panel data include Baltese and Coelli (1992) , Kalirajan (1991) , and Kumbhakar and Hjalmarsson (1993) . 3. The function coefficients for Models I through IX are, respectively: 1.11; I. I 5; 1.04; 1.08; 1.06; 1.11; 1.11;
1.08; and 1.04. The last three function coefficients are for STL models, and are calculated at the mean of the data. The function coefficients for the time-variant technical efficiency models (Models la-IXa, discussed in the following subsection) are the same as those obtained for the corresponding time-invariant models. 4. The time-variant efficiency models were also estimated restricting the parameters associated with time to zero. In all cases the hypothesis that these parameters are equal to zero is strongly rejected, a result that is in contrast with the findings of Saltese and Coelli (1992). 5. The fixed effects model with time-specific dummy variables (Model lla) is not used to calculate time-variant technical efficiency, because the interaction between firm-and time-specific dummies creates too many parameters to be estimated. 6. The roman numeral coincides with the equivalent time-invariant technical efficiency model. The letter following the number is introduced to indicate that technical efficiency is time variant. 7. Recently, Fecher and Pestieau (1993) reported time varying technical efficiency estimates from a model that does not incorporate firm-speci fic dummy variables in the first step. The residuals from the first step were regressed on time and time squared to calculate technical efficiency indexes. The problem with Fecher and Pestieau's two-stage procedure is that efficiency is assumed to be correlated with the inputs used in the model, but this correlation is not accounted for in the first step. Thus, if efficiency is associated with the inputs, then the parameter estimates from the first step are biased. Consequently, biased parameters from the first stage could lead to biased efficiency estimates in the second step.
8. The parameter estimates for the second step are not presented due to space limitations.
